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Single hole spectroscopic strength in98Ru through the 99Ru„d,t… reaction
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The 99Ru(d,t)98Ru reaction was measured for the first time at 16 MeV incident energy with the Sa˜o Paulo
Pelletron-Enge-spectrograph facility employing the nuclear emulsion technique. In all, up to 3.5 MeV, 23
levels were detected, eight of them new; angular distributions are presented for all of them. Least squares fits
of distorted wave Born approximation one-neutron pickup predictions to the rather well structured experimen-
tal angular distributions enabled the determination ofl transfers and of the corresponding spectroscopic factors
for 19 of these states, some being tentative attributions. Only transfers ofl 50, 2, and 4 were observed. Several
states were populated through singlel transfers. A purel 52 transfer is associated with the 21

1 level and with
several other states which are considered collective, as well as with the (41) state at 2.277 MeV, which
presents the highest spectroscopic strength. Considering five valence neutrons above theN550 core, only 41%
of the spectroscopic strength expected for99Ru was detected.

DOI: 10.1103/PhysRevC.66.034314 PACS number~s!: 21.10.Jx, 25.45.Hi, 27.60.1j
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I. INTRODUCTION

One-nucleon transfer reactions are powerful experime
tools to reveal single-particle and -hole aspects of the
sidual nucleus with respect to the ground state of the tar
They have also been employed to obtain shell model oc
pancy and vacancy information for the ground state of
target nucleus through the analysis of summed spectrosc
strengths@1,2#. However, studies of this kind have more fr
quently focused on reactions in which the initial nucleus
even-even, due to the increased complexity expected for
on odd-even or odd-odd targets. In fact, with initial spinsJ
Þ0, an incoherent superposition of several angular mome
l are, in general, allowed. On the other hand, it is interes
to note that, even for the states of even-even nuclei ly
lowest in energy and usually interpreted as collective str
tures, the analysis of one-neutron or one-proton stripping
pickup reactions could provide insight into their microscop
constituents. In particular, these studies could prove imp
tant in disclosing clues for the interpretation of isoto
and/or isotone chains in transitional mass regions. In the
triguing region aroundA5100, the Sa˜o Paulo Nuclear Spec
troscopy Group has been involved in the experimental st
of ruthenium isotopes through (d,p) @2–4# and (d,t) @1#
reactions on even targets. Along the isotopic chain, the m
recent focus of interest in this line of investigation is t
reactions which start from99,101Ru, the only stable odd iso
topes. The previous studies of this kind were the101Ru(p,d)
@5# and 101Ru(d,t) @6# reactions which demonstrated th
rather structured experimental angular distributions, cha
teristic of one-step direct excitation with at most twol trans-
fers, are associated with the majority of the100Ru states
populated. The present work increases the knowledge o
region through spectroscopic results for the99Ru(d,t)98Ru
reaction, formerly not reported in the literature. The mapp
of the microscopic characteristics of98Ru, described as a
hole in the 99Ru ground state, may thus be employed a
0556-2813/2002/66~3!/034314~7!/$20.00 66 0343
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further tool in the understanding of differences between o
and even Ru nuclei pointed out previously@1#.

II. EXPERIMENTAL PROCEDURE

The thin@17.8~3! mg/cm2] 99Ru target was bombarded b
16 MeV deuterons from the Sa˜o Paulo Pelletron accelerato
This 99Ru film was prepared by electron bombardme
evaporation of metallic99Ru powder, isotopically enriched
to 97.6%, onto a thin carbon backing. The tritons produc
in the reaction were momentum analyzed by the Enge m
netic spectrograph and detected in nuclear emulsion~Fuji
G6B, 50mm thick!. Spectra were taken at eight judicious
chosen scattering angles, fromQ lab58° to Q lab540°. After
processing, the exposed emulsion was scanned in strip
200mm across the plates. An energy resolution of 7 keV w
achieved. Figure 1 shows the triton spectra correspondin
Q lab510° andQ lab535°, which can be regarded as typic
of the spectra measured at other angles.

The total number of projectiles corresponding to ea
spectrum was obtained with the help of a calibrated curr
integrator connected to an aligned Faraday cup with elec
suppression. The beam direction was monitored conti
ously. The relative normalization of the spectra was thus
tained, while the absolute normalization of the cross secti
was referred to optical model predictions for the elastic sc
tering of deuterons on the same target, measured under s
lar conditions. The elastic spectra were measured at
laboratory scattering angles from 30° to 70°. Consider
the differences in the predictions for three families of optic
potentials@7–9# and the contributions due to target nonun
formity, plate scanning, and statistics to the systematic
certainty affecting the cross sections, a maximum scale
certainty of 8% is estimated for the absolute values.

The parameters of Perey and Perey@7#, with the addition
of the spin orbit term suggested by Lohr and Haeberli@8#,
were chosen for both the absolute normalization of the e
©2002 The American Physical Society14-1
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can
be found in Table II. In this table, the uncertainties stated for
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tic cross section and the generation of the distorted incid
waves in the reaction analysis and are shown in Table I.
optical model parameters of Becchetti and Greenlees@9# for
describing the outgoing triton channel and the geometr
parameters for the bound neutron are also shown in Tab
The distorted wave Born approximation~DWBA! calcula-
tions were performed with the codeDWUCK4 @10# with the
usual corrections to account for finite range and nonloca
effects. The DWBA predictions were fitted to the experime
tal angular distributions through ax2 minimum procedure.
Incoherentl admixtures are allowed for each state, since
neutron, with orbital angular momentuml and total spinj, is
transferred from the odd99Ru 5/21 ground state. The neu
tron single-particle orbitals considered were those of theN
550–82 shell. Forl 52 transfers, both 2d5/2 and 2d3/2 are
accessible and the 2d5/2 orbital was arbitrarily supposed. Fo
each of the transferred orbital angular momental, the fitting
procedure allowed for the determination of the respec
spectroscopic strengthC2Sl j through the fitting factorsal j ,
according to the relations

FIG. 1. Spectra of tritons atQ lab510° andQ lab535°.
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and

C2Sl j 5
2 j 11

3.33
al j .

The factor 3.33 is due to the overlap of the triton and de
teron wave functions, taken, respectively, in the Irving-Gu
and Hulthén descriptions@11#.

III. RESULTS

The excitation energies presented in Table II are the a
ages of the energies determined for each level in the sev
spectra after applying the calibration@12# of the spec-
trograph. Excitation energy values are given wheneve
level was clearly identified for at least five angles. The d
persion of the individual energy values around their mean
typically less than 2 keV. Below 3 MeV, the systematic u
certainty is estimated to be less than 2 keV, increasing ab
the region of peak at 17, to about 5 keV. The present val
of excitation energies are in excellent agreement with
values of the recent Nuclear Data Sheets~NDS! compilation
@13#. The exception is the state at 2.277 MeV, here associa
with the level at 2.285 MeV, since this adopted level, d
tected by proton inelastic scattering measurements, is acc
panied by an uncertainty of 10 keV. The states at 2.3
2.373, 2.409, 3.020, 3.046, 3.209~possible doublet!, 3.284,
and 3.441 MeV had not been observed before, but could
established with certainty through the present reaction.

Figure 2 shows the experimental angular distributions
those transitions for which the cross section was measure
five angles or more. The relative experimental uncertaint
represented by the bars, include contributions due to p
scanning, background subtraction, statistical deviations,
relative normalization. Least squares fits of DWBA pred
tions to the experimental angular distributions are a
shown in Fig. 2 whenever an assignment ofl was attempted.
Information on the values of the transferred orbital angu
momenta, limits for the total angular momentumJ, the par-
ity, and the extracted spectroscopic factors for each level
.50
TABLE I. Optical potential parameters employed in the analysis of the reaction99Ru(d,t)98Ru.

Potential VR r R aR W rW aW WD r D aD r c Vso r so aso

~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm! ~MeV! ~fm! ~fm!

Entrance channel
deuterons PPa 96.50 1.15 0.81 18.24 1.34 0.68 1.15 7.00 0.75 0
Bound neutron

BGb fitted 1.17 0.75 lSO525
Exit channel
tritons BGb 164.35–0.17E 1.20 0.72 34.78–0.33E 1.40 0.84 1.30 2.50 1.20 0.72

aReference@7#.
bReference@9#.
4-2
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TABLE II. Experimental results for98Ru, through the99Ru(d,t) reaction, in comparison with adopte
levels of NDS~Ref. @13#!.

Present work NDSa

Peak Eexc ~MeV! l j J p Sl j Eexc ~MeV! Jp

0 0.000 2 5/2 01 –51 0.339~7! 0.000 00 01

1 0.651 2 5/2 01 –51 0.130~3! 0.652 44~4! 21

1.322 14~6! 01

2 1.397 2 5/2 01 –51 0.127~5! 1.397 81~5! 41

3 1.415 2 5/2 21 –31 0.037~6! 1.414 29~4! 21

0 1/2 0.012~2!

4 1.797 2 5/2 21 –31 0.009~2! 1.796 96~5! 31

0 1/2 0.0041~7!

5 1.818 2 5/2 01 –51 0.120~3! 1.817 22~6! (1,2)1

1.953 4~3! (31)
6 2.013 ~2! ~5/2! 01 –51 0.036~3! 2.012 70~5! 31

7 2.224 ~4! ~7/2! 11 –61 0.12~2! 2.222 51~7! 61

2.241 4~3! (41,51,61)
8 2.247 ~2! ~5/2! 21 –31 0.054~5! 2.245 9~3! ~1,2!

~0! ~1/2! 0.0064~11!

2.266 50~6! 41

2.2768~2! (21)
9 2.277 2 5/2 01 –51 0.675~15! 2.285~10! (41)
10 2.365
11 2.373
12 2.409 ~2! ~5/2! 01 –51 0.018~2!

13 2.429 ~2! ~5/2! 21 –31 0.105~6! 2.427 14~16! (21)
~0! ~1/2! 0.011~2!

2.4302~3!

2.435~10! (32)
14 2.469 0 1/2 21 –31 0.0099~8! 2.4676~10! (1,21)
15 2.605 ~2! ~5/2! 01 –51 0.060~4! 2.6023~3!

16 2.621 2.6192~10! (1,21)
2.656 51~7! (52)
2.659 62~7! (31,4)
2.7203~3! ~3!

2.8092~2! (21)
2.8677~2! (61)

17 3.020 ~2! ~5/2! 01 –51 0.040~3!

18 3.046 0 1/2 21 –31 0.022~1!

3.0649~3! (3,41)
19 3.071 ~2! ~5/2! 21 –31 0.024~6! 3.0693~3!

~0! ~1/2! 0.020~2!

3.126 31~9! 81

3.1793~10! (1,21)
3.190 20~9! (72)

20 3.209
3.2454~3! (61)
3.2509~3!

3.2834~2! (7)2

21 3.284 ~0! ~1/2! 21 –31 0.013~1!

3.3668~10! (1,21)
22 3.441 0 1/2 21 –31 0.045~2!

3.5370~10! <4

aReference@13#.
034314-3
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FIG. 2. Angular distributions associated with levels in98Ru through the (d,t) reaction.
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the spectroscopic factors reflect only the relative uncert
ties of the data points which comprise the experimental
gular distribution.

Several singlel transfers were observed, although inc
03431
-
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herent l admixtures are allowed in the excitation of ea
state, except for the 01 states. In particular, it is to be note
that a purel 52 transfer is associated with the first 21 state
and also that states sometimes supposed to be multiph
4-4
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FIG. 3. Strength distributions
for 98Ru and100Ru.
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@14,15# present well-structured angular distributions, bei
associated clearly with only one or two values ofl transfers.
In fact, the 41

1 at 1.397 MeV, the (1,2)1 at 1.818 MeV, and
the 61 at 2.224 MeV levels are excited by a singlel transfer
with spectroscopic intensities of the same order as that of
transition to the first 21 state. The 41

1 level is frequently
interpreted as one of the two-phonon states. The other
states were taken by Kernet al. @14# as the 03

1 and 61
1 mem-

bers of the three-phonon quintuplet. On the other hand,
annatiempoet al. @15# interpreted the 1.818 MeV level as
21 mixed symmetry state and the 61 as a three-phonon
state, in an interacting boson model-2~IBM-2! interpretation.
Furthermore, other levels detected in the present transfe
action with appreciable strength have been considered t
multiphonon states, such as the 1.415 MeV, 22

1 level @14,15#,
the 2.013 MeV, 31 level @15#, proposed by Kernet al. @14#
to be the 42

1 member, and the 2.247 MeV level, taken b
Giannatiempoet al. @15# as the 21 state of the quintuplet o
three phonons.

The strongestl 52 transition corresponds to the sta
(41) @13# at 2.277 MeV and deserves further discussion
comparison with101Ru(p,d)100Ru @5# and 101Ru(d,t)100Ru
@6# findings. No transitions ofl 55 or of any other oddl
value were characterized and the (32) @13# state, in prin-
ciple, associated with the first octupolar excitation, was
detected.

IV. DISCUSSION

A. Spectroscopic strength distributions

Figure 3 presents the spectroscopic strength distributi
organized as a function ofl transfer and excitation energy
03431
e

o
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re-
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t

s,

Known and tentatively attributed spins@13# are marked. The
strongest spectroscopic intensities are associated withl 52.
Fourteen levels have been populated byl 52 transfer~half of
them tentative! up to 3 MeV of excitation, showing a larg
fragmentation of this strength. Forl 50 transfers, the
strength is distributed among nine states above 1.4 MeV
excitation, four of them tentatively attributed. Only one te
tative l 54 transition was detected. For further considerati
Fig. 3 also shows the spectroscopic strength distributions
tained in a reanalysis of the data of Petersonet al. @5# mea-
sured in the101Ru(p,d)100Ru reaction. Aiming at a consis
tent comparison of the spectroscopic strength distribution
the Ru chain, the reanalysis here presented was based o
following arguments. Starting with the investigation of th
influence of the unusual geometry of the bound neutron w
employed in the work of Petersonet al. @5#, a lack of Q
dependence correction was also found in the DWBA cal
lations presented by the authors@5#. Furthermore, the high
l 50 strength of the state at 2.268 MeV of excitation tab
lated by the authors@5# seems to be due to a transcriptio
error of a factor of 10 (C2S50.10 should be 0.01!. A re-
analysis of Peterson’s data on101Ru(p,d)100Ru @5# was sub-
sequently carried out with the parameters of Becchetti
Greenlees@9# and Perey and Perey@7#, in the entrance and
exit channels, respectively, for the DWBA calculation. T
geometry of the bound neutron well was taken from the r
part of the optical potential of the neutron@9#, as usual. It is
interesting to note that the spectroscopic strengths extra
in this reanalysis revealed excellent agreement with the
ues formerly obtained by Sampaio@6# in the 101Ru(d,t)100Ru
reaction. Comparing, with the help of Fig. 3, the streng
distributions determined in the present work for98Ru and in
the reanalysis of the data of Petersonet al. @5# for 100Ru, a
4-5
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TABLE III. Spectroscopic strength distribution for99,101Ru.

Up to (Gpick Sum
Eexc ~MeV! 3s1/2 3p3/2 2d5/212d3/2 2 f 7/2 1g7/2 ~occupancy!

99Ru(d,t)98Ru 3.5 0.14 1.77 0.12 2.04
101Ru(d,t)100Ru a 2.5 0.049 1.16 0.06 1.27
101Ru(p,d)100Ru b 3.9 0.24 1.94 0.23 2.41
101Ru(p,d)100Ru c 3.9 0.093 0.0005 1.42 0.012 0.10 1.63

aReference@6#.
bReference@5#.
cReanalysis of the data of Petersonet al. ~Ref. @5#!.
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global correspondence is verified. Thel 50 transitions are
fractionated and appear above 1.3 MeV of excitation in b
isotopes, with similar spectroscopic intensities associa
with the second 21 state. In contrast to100Ru, however, an
increase of the spectroscopy intensity is noted above
MeV in 98Ru, the highest value being found for the purel
50 excitation at 3.441 MeV. In both isotopes purel 52 tran-
sitions to the 21

1 states were determined. Forl 52 transfers,
the strongest spectroscopic strength is associated, bo
98Ru and 100Ru, with the (41) states at 2.277 MeV and
2.394 MeV, respectively. The 2.394 MeV state presents ab
half of the spectroscopicl 52 intensity when compared t
the 2.277 MeV state in98Ru, but both states have in com
mon the fact that they are strongly excited in (p,p8) inelastic
scattering@16,17#. The 2.394 MeV level in100Ru has been
pointed out in the literature as a possible hexadecap
bandhead@17#.

On the other hand, it is interesting to note that the sp
troscopic strength~0.339! obtained in the present work fo
the population of the98Ru ground state is a factor of 1.
higher than that obtained in the reanalysis of the Peter
et al. @5# data for the100Ru ground-state transition. This re
sult is in disagreement with straightforward shell model e
pectations, pointing, thus, to a more complex structure
fact, in the simple picture, starting from the 5/21 ground
states of99Ru and 101Ru, which differ by one pair of neu
trons, possibly in the same orbital, an equal or even sma
value of the spectroscopic strength would be expected for
99Ru(d,t)98Ru transition. Furthermore, using the reanaly
of the (p,d) data, similar spectroscopic strengths were m
sured in the excitation of the ground and 21

1 states in100Ru,
in contrast to the findings of the present work, where
98Ru ground state was shown to be more populated. No
tematic trend can be pointed out for thel 54 excitations.

Globally taken, the excitation patterns associated w
each l transfer in the pickup reactions on the Ru isotop
@1,5,6# are rather different in even and odd nuclei, even if
energy shift due to pairing is admitted. When starting fro
even targets, the strength is very much concentrated in s
low-lying levels. Also, importantl 54 transfers are detecte
in these reactions, whilel 54 is missing in the pickup studie
on the odd targets.

B. Total spectroscopic strengths

In this section, the information now available for th
stable odd Ru isotopes is presented globally ((Gpick
03431
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5(C2S) to infer the shell model occupancy in the groun
states of the target nuclei. Shown in Table III are the su
attributed to eachl, of the extracted spectroscopic facto
and, in the last column, the corresponding total strength
tected. It is to be stressed that the totality of the streng
detected for eachl transfer, even the doubtfully attribute
ones, has been considered in the sums. These strengths
resent in the ground states, respectively, the number of
ticles in each shell model orbital and the total occupan
number. Besides the results of the present work, Table
also shows the spectroscopic strengths presented in Ref@5#,
those extracted in the reanalysis of the referred data
101Ru(p,d)100Ru @5#, and the values obtained with th
101Ru(d,t)100Ru @6# reaction.

Up to 3.5 MeV, approximately 41% of the total spectr
scopic strength expected in comparison with five neutro
available, in principle, in99Ru above theN550 core, was
detected. In contrast, the total spectroscopic strength
tained in the reanalysis of the101Ru(p,d)100Ru reaction
measured by Petersonet al. @5# up to 3.9 MeV, although also
with a predominance of thel 52 component, corresponds t
1.63, representing only 23% of the limit value of 7. A lack
strength is also reported in the101Ru(d,t)100Ru study@6# up
to 2.40 MeV in which 18% of the limit was detected. It
worthwhile, however, to mention that the author@6# points
out the presence of strong nonanalyzedl 52 transfers at
higher excitation energies. These findings could indicat
less pronounced parentage of the ground state of101Ru with
low energy states of100Ru, in comparison with that extracte
for the pair 99Ru and98Ru. A comparison of the sums of th
spectroscopic strengths associated with each value ofl, ob-
tained by one-neutron pickup reactions, starting from o
~Table III! and even targets@1#, shows considerable differ
ences, especially with respect to the 1g7/2 orbital, for which
much more strength is located in the ground state of e
nuclei. In fact, almost all expected strength was found in
even targets100,102Ru while in 99,101Ru more than half of it is
lacking. Furthermore, in going from99Ru to 101Ru, no in-
crease in the target occupancy is verified for any of the
lence orbitals, if the values of the reanalysis
101Ru(p,d)100Ru are considered.

V. SUMMARY AND FINAL COMMENTS

This section summarizes the main conclusions of
study of the 99Ru(d,t)100Ru reaction which provided de
4-6
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tailed information, previously unreported, on single-ho
neutron strength distributions. The states at 2.365, 2.3
2.409, 3.020, 3.046, 3.209~possible doublet!, 3.284 and
3.441 MeV were detected for the first time. Only transfers
l 50, 2, and 4 were measured and, although admixtures
allowed, several singlel transfer were attributed. It is to b
stressed that collective states, such as the 21

1 , and some
others which have been associated with multiphonon exc
tions in 98Ru @14,15#, were reached through only one or tw
values ofl transferred, indicating strong single-hole pare
age with the ground state of99Ru. Therefore, although som
of those states may have a predominantly collective nat
the present study has shown that they contain signific
two-quasiparticle components.

The l 52 spectroscopic strength is heavily concentrated
the transition to the state (4)1 detected at 2.277 MeV, als
strongly excited through inelastic scattering. This state pr
ably corresponds to the state at 2.367 MeV in100Ru, consid-
ered a hexadecapolar bandhead@17#. The experimental infor-
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y
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mation is a clear indication that, in the challengingA;100
region, only a part of the spectra of the even nuclei is
pected to be reproduced by describing the nuclear struc
considering exclusively an interacting boson representat
Further, the experimental spectroscopic factor here extra
for the transition to the ground state of98Ru is a factor of 1.9
higher than the strength obtained in the reanalysis of
101Ru(p,d)100Ru ~ground-state! reaction@5#, characterizing a
complexity beyond simple shell model predictions.
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